Introduction: Allergic women have been reported to give birth to more children than nonallergic women, speculatively explained by the former's predisposition for Th2 polarization, possibly favoring pregnancy. Aim: The aim of this study was to test the hypothesis that allergy is associated with more Th2-deviated responses to paternal antigens throughout pregnancy. 
. A T helper type 1 (Th1) to T helper type 2 (Th2) shift has been reported to characterize the third trimester, with a decreased production of the Th1 cytokine IFN-γ, and an increased production of the Th2 cytokines IL-4 and IL-6 (Marzi et al., 1996; Saito et al., 1999; Aris et al., 2008) . We have previously shown that pregnant women have a higher number of both IFN-γ and IL-4 expressing mononuclear cells in blood than non-pregnant women (Matthiesen et al., 1998; Matthiesen et al., 2003) . Furthermore, pregnant women showed increased numbers of IL-4 secreting cells in blood in response to paternal allo-antigens, indicating a Th2-response directed against the fetus during pregnancy (Ekerfelt et al., 1997) .
Significantly higher serum levels of the Th1 cytokine IFN-γ have been detected in women with unexplained recurrent spontaneous abortions (Raghupathy et al., 1999) . Several similar studies indicate increased Th1-like and decreased Th2-like responses among women with pregnancy losses, whereas women with successful pregnancies tend to have an increased Th2-like response Makhseed et al., 2000; Makhseed et al., 2001; Kwak-Kim et al., 2003) . An immune deviation towards Th2 has also been found locally at the maternal-fetal interface in healthy pregnant women , while a decreased local production of Th2 cytokines has been demonstrated in women with unexplained recurrent spontaneous abortions (Piccinni et al., 1998) .
Altogether, these studies suggest that a deviation towards Th2 is beneficial for pregnancy and that Th1 responses may be detrimental. Atopic disease is characterized by an individual predisposition to develop IgE mediated allergies against environmental allergens (Ishizaka and Ishizaka, 1971 ) and a Th2-polarized immunity (Del Prete et al., 1993) . Atopic patients have an enhanced ability to produce IL-4, not only in response to allergens, but also to other antigens (Parronchi et al., 1992) , and in line with this, atopic disease is associated with low IFN-γ secretion (Parronchi et al., 1991; Shimojo et al., 1996) ). However, we have previously found an IL-4 response to birch only in birch sensitized patients but not in cat sensitized patients, and vice versa (Jenmalm et al., 2001 ).
The Th2 deviation in atopic disease may be beneficial for a successful pregnancy outcome.
The findings of Nilsson and colleagues that mothers with allergic disease (i. e. hay fever, allergic rhinitis, asthma or dermatitis) had more children than non-allergic mothers (Nilsson et al., 1997) , support this hypothesis, as well as the findings of Savilahti and colleagues that mothers of very low birth weight infants had less allergic rhinitis than mothers of full-term infants (Savilahti et al., 2004) . Newborn infants of mothers with allergic rhinitis have also been found to have higher birth weight and longer gestational age than newborn infants of non-allergic mothers (Somoskovi et al., 2007) . However, an inverse relationship between maternal atopy and the number of offspring has also been reported (Sunyer et al., 2001; Karmaus and Eneli, 2003; Sunyer et al., 2005) .
The aim of this study was to test the hypothesis that allergic women have a more pronounced Th2 deviation throughout pregnancy than non-allergic women by comparing the secretion of IFN-γ and IL-4 from peripheral blood mononuclear cells (PBMC) of pregnant allergic and non-allergic women, spontaneously and in response to paternal allo-antigens.
MATERIALS AND METHODS

Subjects
The eighty-six pregnant women included in the study ( Figure 1 ) were all attending the Antenatal Clinic at the University Hospital in Linköping. All women accepted to participate in the study after informed consent. The study was approved by the Human Research Ethics
Committee at the Faculty of Health Sciences in Linköping.
The allergic status of the women was established by a typical clinical history, e g allergic rhinoconjunctivitis, allergic asthma or flexural itchy eczema. An experienced allergy research nurse used a structured questionnaire to interview the women. To further strengthen the diagnosis of atopy, allergy screening was performed using the Phadiatop system (Pharmacia, Uppsala, Sweden), which detects circulating IgE antibodies against common inhalant allergens, e. g. birch, mugwort, timothy, cat, dog, horse, house-dust mite, Cladosporium and Alternaria. Women who had both typical clinical symptoms and a positive Phadiatop test were considered as allergic.
Women with no clinical symptoms and a negative Phadiatop test were considered as non-allergic.
Among the women who had a pregnancy considered as normal (n=54, defined as a pregnancy without medical complications), gave birth to a healthy child and completed the study, 34 women fulfilled either of the criteria for diagnosis of allergy or absence of allergy (figure 1). Eleven pregnant women (age 26.2-39.7 years; median 30.4 years) were diagnosed as allergic and 23 pregnant women (age 26.9-37.2 years; median 30.8 years) as non-allergic.
Collection of samples
Blood samples were collected on six occasions during pregnancy (gestational weeks 10-12, 15-16, 25, 35, 39 and 41) , 8-12 weeks after delivery (post partum, pp) and 12 months pp. All blood samples were drawn between 8 a.m. and 2 p.m. and processed within four hours.
Heparinized peripheral blood was separated on Lymphoprep (Nycomed Pharma AB, Oslo, Norway) according to Bøyum (Boyum, 1968) Chemical Co., St Louise, MO, USA) and 50% FCS at a cell density of 5x10 6 PBMC/mL and at a rate of -1°C/min to -70°C, after which the cells were stored in liquid nitrogen. Corresponding paternal PBMC were collected on one occasion, and the same procedure for separation and freezing was used as for the PBMC from the pregnant women.
Thawing of maternal lymphocytes (responder cells) and stimulator cells
Frozen PBMC from all samples taken in each individual during pregnancy and after delivery were thawed on the same occasion in a 37°C water bath. The cell suspensions were transferred to polypropylene tubes, to which pre-warmed TCM containing 10% FCS was added dropwise. The cells were then washed twice by centrifugation at 400 g for 10 minutes at room temperature, with removal of supernatant and resuspension in TCM containing 10% FCS between washes. After washing, the PBMC were resuspended in TCM containing 5% FCS and the cell density was adjusted to 1x10 6 lymphocytes/mL.
Paternal PBMC (stimulator cells) were thawed by the same procedure as for the maternal PBMC. The stimulator cells were treated with 4% paraformaldehyde (PFA, Merck Eurolab AB, Stockholm, Sweden) in phosphate-buffered saline (PBS; EC Diagnostics AB, Uppsala, Sweden)
for 10 minutes at room temperature to inhibit cytokine secretion. The cells were then washed in PBS and centrifuged at 800 g for 10 minutes at room temperature. Washing was repeated twice, after which the cells were resuspended in TCM containing 5% FCS and the cell density was adjusted to 1x10 6 PBMC/mL.
Mixed leukocyte culture (MLC)
The alloreactivity and cytokine secretion from responder cells, i. e. maternal lymphocytes, was determined by using a one-way MLC as previously described (Ekerfelt et al., 1997) . PHA and wells containing TCM only. The cells were cultured at 37ºC with 5% CO 2 for 24 h, which was previously found to be the optimum time of incubation (Ekerfelt et al., 1997) .
Detection of cytokine secreting cells
For the enumeration of cytokine secreting cells, enzyme-linked immuno-sorbent spotforming assay (ELISpot) was performed. After incubation, the plates were emptied and washed twice with PBS and twice with PBS containing 0.05% Tween 20 (PBS-T; EC Diagnostics). 100 μL/well of biotinylated anti-human IFN-γ 7-B6-1 mAb and biotinylated anti-human IL-4-II mAb (both antibodies from MabTech AB, Stockholm, Sweden) diluted to 1 μg/mL in PBS-T, was added, followed by a two hour incubation in a moist chamber at room temperature. The plates were then washed four times with PBS-T and incubated for another hour with 100 μL/well of streptavidin conjugated with alkaline phosphatase (MabTech AB, Stockholm, Sweden) diluted 1:1000 in PBS-T. After washing four times with PBS, spots were developed by a 15 minute incubation with 100 μL/well of AP conjugate substrate kit (BioRad, Solna, Sweden).
Subsequently, the plates were thoroughly rinsed with deionized water and dried over night in darkness, at room temperature. The spots were counted using the ELISpot reader system Transtec 1300 (Autoimmune Diagnostica GmbH, Strasburg, Germany) and the median value of the triplicates was calculated.
Statistics
All data were analyzed with SPSS (SPSS Inc., Chicago, Illinois, USA). Statistical analysis involved three-way analysis of variance with time and diagnosis as fixed factors and subject as random factor nested within diagnosis. Pair-wise comparisons between data from the same individuals at different times during and after pregnancy were made using the Bonferroni correction for the adjustment of multiple comparisons.
Paired samples t-test was used to compare the spontaneous secretion with the paternal PBMC induced secretion among all pregnant women, regardless of diagnosis.
Comparison of IFN-γ/IL-4 ratios, as a measure of Th1/Th2 balance, was done by t-test. The criterion for significance was p < 0.05.
RESULTS
Three-way analysis of variance showed no difference in the numbers of spontaneously or 
DISCUSSION
This study aimed to test the hypothesis that allergic women have a more pronounced Th2 deviation throughout pregnancy than non-allergic women. However, statistical analysis of variance revealed similar numbers of spontaneously and paternal antigen-induced IFN-γ or IL-4 secreting cells in allergic and non-allergic pregnant women.
The longitudinal design of the present study, combined with several time points of sampling, allows a detailed analysis of the dynamics of the systemic immune responses during and after pregnancy. An important finding was the increase in the numbers of both spontaneously and paternal antigen induced IFN-γ-and IL-4-secreting cells during pregnancy, when compared with the non-pregnant state (1 year post partum). Although allergen-specific cells may be already activated and differentiated towards Th2 cells in allergic pregnant women, this would not affect the results since stimulation with paternal antigens will only stimulate cells specific for paternal antigens and not allergen-specific T-cells. Moreover, the data on spontaneously IFN-γ-and IL-4-secreting cells, in allergic as well as non-allergic women, agree with our previous published data that both the numbers of ex-vivo IFN-γ-and IL-4-secreting cells are increased during pregnancy (Matthiesen et al., 1998; Matthiesen et al., 2003) , speaking against an erroneous result due to already activated cells in allergic pregnant women.
Previous studies have shown that the effects of IL-4 predominate over the effects of IFN-γ (Sadick et al., 1990; Morris et al., 1993; Racke et al., 1994) . Sadick et al. (1990) found a profound effect of neutralization of IL-4 on the course of infection by Leishmania major in mice.
Eighty-five percent of the mice were cured, and cure was independent of IFN-γ. Morris et al. (1993) proposed that IFN-γ is produced by all mice during a Leishmania major infection, and that it is the dominant effect of IL-4 and/or other lymphokines that determines the severity of the disease. In the study by Racke et al. (1994) The results of these previous studies suggests that the increase in both IFN-γ and IL-4 secreting cells in the present study may be interpreted as a Th2-situation, both for spontaneous and paternal antigen-induced responses.
Considering the dynamics during pregnancy, it is clear that, at the systemic level, the major changes occur in the second and third trimesters. The increase in spontaneously cytokine secreting cells shows maximum peaks in weeks 25-35 and then a decline, whereas the increase of paternally induced cytokine secretion is maintained from week 25 throughout pregnancy. Post partum, there were no differences between week 8-12 and one year, indicating that the major restitution in systemic immunity is restored in week 8-12.
Although the present study on peripheral blood mononuclear cells does not support the hypothesis of a more pronounced Th2-deviation in allergic pregnant women compared with nonallergic pregnant women, which may favor pregnancy, the hypothesis can not be rejected. Firstly, we studied the number of cytokine secreting cells in blood, measured by ELISpot, which may not reflect the concentrations of cytokines secreted. Measuring the cytokine levels i peripheral blood may reveal different amounts of IFN-γ and IL-4 secreted by allergic and non-allergic women during pregnancy. The rationale for using ELISpot was that detection of IL-4 requires a highly sensitive technique, and we have previously shown ELISpot to be the most sensitive method for detection of IL-4, indeed the only technique sensitive enough for detection of spontaneous IL-4 secretion (Ekerfelt et al., 2002a) . Secondly, this study was performed on frozen cells, and since cryopreservation has been reported to decrease the secretion of IL-4 (Ekerfelt et al., 1997; Kvarnstrom et al., 2004) , larger numbers of IL-4 secreting cells may have been detected if fresh cells had been analyzed. Thirdly, the systemic cytokine secretion measured in the current study may not necessarily reflect local cytokine patterns. Indeed, we have previously shown that the cytokine secretion in peripheral blood does not reflect the local cytokine milieu in the decidua during the first trimester of normal pregnancy (Ekerfelt et al., 2002b) . Thus, the local cytokine responses in allergic and non-allergic pregnant women may still differ. Also, we have recently observed an enhanced Th2 deviation, reflected by increased total IgE levels during pregnancy in allergic women, but not in non-allergic women (Sandberg et al., submitted manuscript).
The findings of previous studies on atopy and parity are contradictory. These discrepancies may be due to the different methods used to diagnose atopy. Nilsson and colleagues (Nilsson et al., 1997) used questionnaires for this purpose, a procedure that may involve a problem of bias.
Sunyer and colleagues based their diagnosis on IgE measurements (Sunyer et al., 2005) or skin prick tests performed during pregnancy (Sunyer et al., 2001) . The possibility that the clinical history of atopy and sensitization are different phenomena may also contribute to the contradictory results of earlier studies. We thus used more strict criteria, based on the presence or absence of both symptoms and sensitization. Seasonal exposure to e g pollen influences IgE antibody levels in allergic individuals. However, this phenomenon is not considered to be a confounding factor in our study. We have recently measured total and specific IgE in the allergic and non-allergic pregnant women included in the present study, and no changes in specific IgE antibody levels were detected over the analyzed time (Sandberg et al., submitted manuscript).
No statistically significant interaction between time and group was seen, meaning that the change in cytokine secretion over time in allergic women did not differ significantly from the change over time in non-allergic women. The use of a subject factor nested within group, demands, besides the usual assumption of normal distributed residuals, that the subjects are normally distributed within both groups. We checked the random components and found no major deviations from normal distribution in neither residuals nor subject effects.
In conclusion, the present study does not support the hypothesis of a more pronounced Th2-deviation in allergic women during pregnancy. The observed increase of both IFN-γ and IL-4 secreting cells during the second and third trimesters of normal pregnancy is in agreement with previous studies, and may be interpreted as a Th2-situation, since the effects of IL-4 predominate over the effects of IFN-γ.
